(T 1 ¼ 1=g ∼ d 2 for d ≫ A 2 ⊥ ). Experimental data confirm this behavior (Fig. 3B ). This dependence also explains why quantum jumps were not observed in previous experiments with NV centers performed at low magnetic fields [similar magnetic field-enabled decoupling of nuclear spin was proposed recently for alkaline earth metal ions (10, 22) ]. The dominance of flip-flop processes is also visible in the quantum state trajectory of the nuclear spin shown in Fig. 3C (top) . Here, jumps obey the selection rule Dm I ¼ T1 imposed by the flip-flop term H A . From analyzing the whole quantum state trajectory, a matrix showing the transition probabilities can be obtained (Fig. 3C, bottom) .
Single-shot measurement of a single nuclear spin places diamond among leading quantum computer technologies. The high readout fidelity (92%) demonstrated in this work is already close to the threshold for enabling error correction (23) , although the experiments were carried out in a moderatestrength magnetic field. Even though the optical excitation induces complex dynamics in the NV center (including passage into singlet electronic state), the nuclear spin relaxation rates are defined solely by electron-nuclear flip-flop processes induced by hyperfine interaction. Therefore, we expect improvement of T 1 by two orders of magnitude (reaching seconds under illumination) when a magnetic field of 5 T is used. This will potentially allow readout fidelities comparable with that achieved for single ions in traps (24) . The present technique can be applied to multiqubit quantum registers (5, 6, 25) , enabling tests of nonclassical correlations. Finally, singleshot measurements open new perspectives for solid-state sensing technologies. Spins in diamond are considered to be among the promising candidates for nanoscale magnetic field sensing (26, 27) . Currently their performance is limited by photon shot noise (26) : "Digital" QND will provide improvement over conventional photon counting in the case of short acquisition time. This requires that the electron spin state used for magnetic field sensing can be mapped onto the nuclear spin with high accuracy, but this was already shown to be practical in NV diamond (5) . Recent theoretical proposals suggest that strain can be used to engineer graphene electronic states through the creation of a pseudo-magnetic field. This effect is unique to graphene because of its massless Dirac fermion-like band structure and particular lattice symmetry (C 3v ). Here, we present experimental spectroscopic measurements by scanning tunneling microscopy of highly strained nanobubbles that form when graphene is grown on a platinum (111) surface. The nanobubbles exhibit Landau levels that form in the presence of strain-induced pseudo-magnetic fields greater than 300 tesla. This demonstration of enormous pseudo-magnetic fields opens the door to both the study of charge carriers in previously inaccessible high magnetic field regimes and deliberate mechanical control over electronic structure in graphene or so-called "strain engineering." G raphene, a single atomic layer of carbon, displays remarkable electronic and mechanical properties (1, 2) . Many of graphene's distinctive properties arise from a linear band dispersion at low carrier energies (3) that leads to Dirac-like behavior within the twodimensional (2D) honeycomb lattice-charge carriers travel as if their effective mass is zero (1) . An intriguing recent prediction is that a distortion of the graphene lattice should create large, nearly uniform pseudo-magnetic fields and give rise to a pseudo-quantum Hall effect (4) . Whereas an elastic strain can be expected to induce a shift in the Dirac point energy from local changes in electron density, it is also predicted to induce an effective vector potential that arises from changes in the electron-hopping amplitude between carbon atoms (5) . This strain-induced gauge field can give rise to large pseudo-magnetic fields (B s ) for appropriately selected geometries of the applied strain (1, 6) . In such situations, the charge carriers in graphene are expected to circulate as if under the influence of an applied outof-plane magnetic field (7-10). It has recently been proposed that a modest strain field with triangular symmetry will give approximately uniform, quantizing B s upward of tens of tesla (4) .
Supporting Online Material
Here, we report the measurement of Landau levels (LLs) arising from giant strain-induced pseudo-magnetic fields in highly strained graphene nanobubbles grown on the Pt(111) surface. Lan-
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Strained graphene nanobubbles were created by in situ growth of sub-monolayer graphene films in ultrahigh vacuum on a clean Pt(111) surface (12) in order to avoid external contamination and trapped gases. The epitaxial graphene was grown by exposure of Pt(111) to ethylene followed by annealing (13, 14) . Graphene grown on Pt is expected to be minimally coupled to the substrate, compared to graphene grown on other catalytic metals (15, 16) . A Dirac-like band structure is preserved for graphene on Pt(111), as verified by a recent photoemission study (17) . An STM to-pograph of the graphene/Pt(111) surface prepared in this manner (Fig. 1A ) reveals a flat graphene patch (partially surrounded by Pt) that encompasses five graphene nanobubbles. Graphene nanobubbles frequently appear near the edges of a graphene patch, but are also sometimes observed in the center of flat patches or near the boundaries between patches and are presumably pinned near these locations (Fig. 1A) . These nanobubbles are likely related to the larger-scale "wrinkle" structures observed by low energy electron microscopy that form upon cooling as a result of the differing thermal expansion coefficients of graphene and the platinum surface (17) .
Individual nanobubbles often have a triangular shape (Fig. 1A, inset) , reflecting the lattice symmetry of the graphene and the underlying Pt surface, and are typically 4 to 10 nm across and 0.3 to 2.0 nm tall. Atomic-resolution imaging of the nanobubbles confirms the honeycomb struc-ture of graphene here (Fig. 1A, inset) , although the lattice is distorted because of the large strain occurring in these structures. The expected straininduced pseudo-magnetic field in a graphene nanobubble can be estimated by using the relation F ¼ ðbh 2 =laÞF 0 for the flux per ripple in a distorted graphene sheet (6), where h is the height, l is the width, a is on the order of the C-C bond length, and F 0 is the quantum of flux. The parameter b ¼ ∂logðtÞ=∂logðaÞ relates the change in the hopping amplitude between nearest neighbor carbon atoms (t) to bond length and has a typical magnitude of 2 < b < 3 for graphene. For a nanobubble of l = 4 nm and h = 0.5 nm, this yields a B s of order 100 T. The large curvature and correspondingly high strain incorporated into the triangular nanoscale bubbles observed here make them ideal candidates for the observation of pseudo-LL because of large strain-induced pseudo-magnetic fields.
The local electronic structure of strained graphene nanobubbles and surrounding graphene films was characterized by scanning tunneling spectroscopy (STS) performed at~7.5 K by using standard lock-in techniques to obtain differential conductance (dI/dV). The measurement of dI/dV reflects features in the local density of states (LDOS) of the surface at the position of the STM tip (18) . STS measurement of the bare Pt surface was used to calibrate the LDOS of the tip upon approach and between sequences of spectra. STS spectra measured over the bare Pt regions (Fig. 1B) are relatively featureless and show the expected Pt(111) surface state (19) . Spectra recorded over the flat graphene patches show a subtly modified structure compared with the clean Pt(111) surface, and no clear signatures of the graphene Dirac point were observed in these regions (Fig. 1B) . Spectra measured at the boundary between the flat graphene and the nanobubbles (20) . STS measurements made directly over the nanobubble regions exhibit a succession of relatively strong peaks, spaced by more than 100 meV, which do not appear in the spectra on other regions of the sample (Fig. 1B) . The peaks are typically weaker at negative bias, which may be attributed to the expected shorter vertical extension of wavefunctions at lower energies. These peaks in the LDOS of the graphene nanobubble are unlike features seen previously in STS performed on graphene in the absence of a magnetic field on SiC (21, 22) and SiO 2 (20, 23) substrates and often overwhelm the usual graphene features. Figure 2A shows a series of spectra taken at different positions across a single nanobubble (topography shown in Fig. 2B ). These spectra display the typical nanobubble peak structure as well as the inelastic feature at the Fermi energy described above [a broader bias range is shown in (fig. S3) ]. Similar peak structure was observed on 10 different nanobubbles with four different STM tips, with some variation in peak spacing and amplitude that we presume was caused by variations in strain-induced electronic structure arising from different nanobubble geometries.
These peaks observed in the nanobubble LDOS can be attributed to LLs originating from a strain-induced pseudo-magnetic field. Other possible origins that we rule out as unlikely include confinement effects and defect creation. Confinement of Dirac fermions in graphene is difficult because of Klein tunnelling and the suppression of backscattering (1). If confinement somehow occurred at the nanobubble edges, the peaks observed would be expected to follow a different progression, most notably missing the n = 0 peak observed in spectra taken at the center of most nanobubbles (24) . Confinement would also result in strong nodal patterns in LDOS (24) , which were not observed. The production of defect states by strain is also unlikely because of the high energetic barrier toward de-fect creation. It is possible that some nanobubbles were formed at defect sites in the as-grown graphene, but the nanobubbles that we measured did not show signatures of defect physics in spectroscopy, such as tip height dependence of peak positions associated with the charging of defect states.
The most likely explanation for the nanobubble peaks is that they arise from a large, relatively uniform strain-induced pseudo-magnetic field. This pseudo-magnetic field is expected to mimic the influence of a real magnetic field applied perpendicular to the graphene sheet and give rise to LLs (4). These appear as a series of peaks in STS as they do for the case of a real magnetic field (25, 26) . Specifically, the 2D massless Dirac nature of charge carriers near the Fermi energy causes the progression of peaks in the LDOS to follow the expression (7, 8) :
where E n is the position in energy of the nth LL with respect to the Fermi level, w c is the cyclotron resonance frequency arising from B s , and v F is the Fermi velocity. Both positive and negative n will appear symmetrically about the Dirac point, corresponding to electron and hole states, respectively, as well as an n = 0 state coincident with the Dirac point (1, 7, 8) .
The energy progression expected for LLs in graphene can be compared to STS data taken on a nanobubble by fitting the spectra with a sequence of Lorentzian peaks following Eq. 1 with a simple polynomial background ( Fig. 2A) . The observed peak structure follows the expected progression well, and a value of B s for position "1" in Fig. 2A was determined to be 350 T 40 T (energies of the n = 0, 1, and 2 states from the fit are shown below the spectrum for this position). Additional peaks that largely follow the expected sgnðnÞ ffiffiffiffiffi jnj p progression were also observed over a wider bias range. Small deviations from this progression occur for higher energy peaks, because the graphene dispersion is not strictly linear in this range. A plot of normalized energy ðE n − E Dirac Þ= ℏw c versus sgnðnÞ ffiffiffiffiffi jnj p , shown in Fig. 2C , compiled from spectra on five different nanobubbles, demonstrates the expected scaling behavior for LLs in graphene.
The offset and spacing of the peak progression changes over different positions on individual nanobubbles, indicating a spatial variation of B s and E Dirac . The B s profile across a strained nanobubble was extracted from the spectral peak spacing at different positions across a nanobubble, shown in Fig. 3B . As seen in Fig. 3A , the B s profile is reasonably flat across the center of the bubble, indicating a relatively uniform pseudomagnetic field of 300 to 400 T for this particular geometry. E Dirac , coincident with the n = 0 LL, ranges from 0.2 to 0.3 eV across this region of the nanobubble. This variation in E Dirac indicates scalar potential variations across the nanobubble, as expected for an elastic deformation that does not constitute a pure shear strain (1, 5) .
To compare the experimental spatial dependence of the strain-induced pseudo-magnetic field to theoretical predictions, we simulated a triangular nanobubble with similar geometry to that shown in Figs. 2A and 3B by using continuum elasticity theory (27) [see supporting information for details (12) ]. In this calculation, the edges of a triangular graphene patch were brought in toward the center to simulate the strain arising from the different coefficients of thermal expansion of graphene and the underlying Pt(111) substrate during experimental sample preparation. The predicted pseudo-magnetic field arising from this strain field was also calculated following (4) . A 3D plot of the simulated nanobubble shape with the pseudo-magnetic field strength shown as a color map is displayed in Fig. 3C (the corresponding experimental nanobubble is shown in Fig. 3B) . The simulated and experimental topographic profiles agree well, as seen by the com- (Fig. 3D ) also agrees reasonably well with the experimentally extracted B s (Fig. 3A) given that there are some differences in shape and uncertainty in the exact boundary conditions. The main discrepancy is that the experimental B s profile appears much more uniform than the simulated one, which may be attributed to spatial averaging of the LDOS over the magnetic length scale of~1.5 nm. The simulated and experimental nanobubbles both exhibit a relatively uniform strain-induced pseudo-magnetic field of 200 to 400 T across the central region with increasing field at the edges.
The exceptional flexibility and strength of graphene membranes (28, 29) coupled with the large strain-induced fields observed suggest that strain engineering of nanoscale energy levels (11, 30) may be a viable means of controlling the electronic structure of graphene, even at room temperature. The experimental demonstration of these enormous pseudo-magnetic fields also provides a new basis for the study of extreme high magnetic field regimes in a condensed-matter environment.
